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single-walled carbon nanohorn

(SWNH) is a single-graphene tu-

bule with a non-uniform diameter
of 2—5 nm and a length of 40—50 nm.
About 2000 SWNHs assemble to form a
spherical aggregate with a diameter of
about 100 nm (SWNHag)." Oxidation of
SWNHs can open holes?™* that allow pas-
sage of various materials, including
drugs, which can then be stored
inside.>~ 1 The local application of drug-
incorporated SWNHs proved to be a
highly effective therapy for tumors that
had been subcutaneously transplanted in
mice.'® '8 No acute toxicity of SWNHs
has been observed in animal testings.2%2'
These results suggest that SWNHs ex-
hibit high potential as drug delivery sys-
tems and may be useful for other biologi-
cal applications. To enhance their
potential therapeutic efficacies, SWNHs
should be chemically functionalized and
aggregate size should be optimized
based on the biodistribution of SWNHs
in vivo. In histological studies, SWNHs in-
travenously injected into mice were de-
tected as black pigmentation in the
lungs, liver, and spleen by optical micros-
copy, suggesting uptakes of SWNHs by
tissue macrophages.?’ However, more
precise ultrastructural localization and
quantification are necessary to clearly
identify the sites of uptake.
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ABSTRACT Single-walled carbon nanohorns (SWNHs) are single-graphene tubules that have shown high
potential for drug delivery systems. In drug delivery, it is essential to quantitatively determine biodistribution
and ultrastructural localization. However, to date, these determinations have not been successfully achieved. In
this report, we describe for the first time a method that can achieve these determinations. We embedded Gd,0;
nanoparticles within SWNH aggregates (Gd,0;@SWNHag) to facilitate detection and quantification.
Gd,0;@SWNHag was intravenously injected into mice, and the quantities of Gd in the internal organs were
measured by inductively coupled plasma atomic emission spectroscopy: 70—80% of the total injected material
accumulated in liver. The high electron scattering ability of Gd allows detection with energy dispersive X-ray
spectroscopy and facilitates the ultrastructural localization of individual Gd,0;@SWNHag with transmission
electron microscopy. In the liver, we found that the Gd,0;@SWNHag was localized in Kupffer cells but were not
observed in hepatocytes. In the Kupffer cells, most of the Gd,0;@SWNHag was detected inside phagosomes, but
some were in another cytoplasmic compartment that was most likely the phagolysosome.
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SWNHs do not have any intrinsic prop-
erties that are useful for detection; thus,
they are difficult to quantify based on in-
trinsic properties. Multiwalled carbon
nanotubes (MWNTSs) and single-walled
carbon nanotubes (SWNTs) with large di-
ameters (>2 nm) also face the same
problem. In contrast, SWNTs with narrow
diameters?*? have intrinsic fluores-
cence?*?> or Raman scattering of light
emitted by photoexcitation,?*?” allowing
examinations of their in vivo biodistribu-
tion. It is possible to determine the bio-
distribution of SWNHs by chemically at-
taching label molecules, like
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bon tubules, these morphological observations and

| SWNHag | microscopic carbon energy analyses can be comple-
mented with Gd labels or labels of other metals or

Il
Oxidation
v % compounds that are not found in the body and can

| ox-SWNHag | be confined inside carbon nanotubes.

" Gd acetate incorporatibn

\

RESULTS AND DISCUSSION

Characterization of Gd,0;@SWNHag. A schematic of the
Gd,05-embedded SWNHag (Gd,0;@SWNHag) prepa-
ration is shown in Figure 1. The heat treatment at
1200 °C converted Gd acetate to Gd,Os and closed the
holes in the SWNHag, thus the Gd,0s; was embed-
ded inside the SWNHag to form Gd,0;@SWNHag.
Gd,0;@SWNHag enabled additional superior perfor-

E

o

acetate@ox-SWNHag

Heat treatment at 1200°C
¥ HCl washing

| Gd203@SWNHag

Figure 1. Process of Gd,0;@SWNHag preparation.

radioisotopes.?#?° However, the attached mol-
ecules run the risk of detaching from the
SWNHs while moving through the body, which
gives rise to uncertainties in the measured val-
ues. In this report, we show that Gd,03 nano-
particles embedded inside the SWNH aggre-
gates3® are excellent labels for SWNHs.
Because they are embedded inside the
SWNHag, Gd,0s; labels are unlikely to become
detached from the SWNHag during movement
through the body. We were able to deter-
mine SWNH biodistributions by measuring
the quantity of Gd in the excised internal or-
gans with inductively coupled plasma atomic
emission spectroscopy (ICP-AES).

The embedded Gd,0; in SWNHag also fa-
cilitated ultrastructural localization of
SWNHag by transmission electron microscopy
(TEM). The high electron scattering ability of
Gd provided high contrast for clear detection
by TEM and, because Gd is not found naturally
in the body, it could be clearly identified with
energy dispersive X-ray spectroscopy (EDX).
The TEM coupled with elemental analysis by
EDX or electron energy loss spectroscopy
(EELS) is a conventional technique for localiz-
ing fine particles in various materials, includ-
ing living tissues.3' 3¢

Previous reports have been able to detect
SWNTs*> and MWNTs3 in cells and tissues by
TEM. The multiple graphene walls of MWNTs
or bundles of SWNTs provided a high carbon
density, and their long cylindrical structures
were easily discriminated from tissue struc-
tures. Therefore, metal labels may not be in
high demand for testing these molecules.
However, it may be necessary to have con-
crete evidence to confirm that the cylindrical
objects are actually graphene tubules. A study

has used EELS to identify the 1 electrons in
graphenes;35 however, some ambiguities still Figure 2. Microscopic structure of the Gd,0;@SWNHag powder: (a)
remain because many materials have m elec-  1EM and (b) Z-contrast (ZC) images; (c) carbon and (d) Gd maps

. . X measured in the same area shown in (a) and (b); (e—h) similar im-
trons. For a more accurate identification of car- ages of SWNHag without Gd,0; embeddings.
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Figure 3. Cytotoxicity assessments of Gd,0;@SWNHag; 3T3
(pale blue) and Hela (pink) cells were cultured with
Gd,0;@SWNHag at different concentrations for 48 h. Cell vi-
ability was estimated with the WST-1 assay in triplicate. Er-
ror bars indicate mean square standard deviations.

mance for the in vivo study because it minimized
the risk of Gd,0; detachment from SWNHag.

The structure of Gd,0;@SWNHag has been previ-
ously shown by scanning transmission electron micros-
copy (STEM), electron diffraction analyses, and EELS
measurements.>® Many SWNHag had one or two large
Gd,03 nanoparticles (10—30 nm) near the center of the
aggregate and small-sized nanoparticles (1—2 nm) scat-
tered all over the aggregate. We found similar Gd,0;
distributions within our Gd,0;@SWNHag in STEM im-
ages (Figure 2a) and Z-contrast (ZC) images (Figure 2b);
the Gd,0s nanoparticles appeared as dark spots in the
former and bright spots in the latter. We further con-
firmed the existence of Gd and carbon (C) elements
with EDX. We found that the carbon was distributed
all over the SWNHag (Figure 2c), and the large Gd,0;
particles were localized near the center of the SWNHag
and small particles all over the aggregate (Figure 2d). In-
deed, these Gd,0; associated structural features were
not found in pristine SWNHag (Figure 2e—h).

The cytotoxicity of Gd,0;@SWNHag was exam-
ined in the mouse fibroblast cell line, NIH 3T3, and
the human cervical carcinoma cell line, HeLa. When
these cells were incubated with Gd,0;@SWNHag dis-
persed in culture medium, no cytotoxicity was ob-
served: the cell viability did not decrease with in-
creasing Gd,0;@SWNHag quantities, as evaluated
with the WST-1 assay (Figure 3).

Ultrastructural Localization of Gd,0;@SWNHag in Liver of
Mouse. We injected ca. 0.2 mL of a glucose dispersion
of Gd,0;@SWNHag (1 mg of Gd,0;@SWNHag in 1 mL
of aqueous 5% glucose solution) into mice through the
tail vein (dose: 10 mg of Gd,0;@SWNHag per 1 kg of
body weight). Mice were sacrificed 14 days after the in-
travenous injection of Gd,0;@SWNHag. The livers were
removed, and sections were dissected out for the opti-
cal microscopy observations. The images (Figure 4)
showed black, micrometer-sized objects located in the
hepatic sinusoids. We inferred that the black objects
were agglomerates of Gd,0;@SWNHag that had been
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taken up by the Kupffer cells. This was confirmed in fur-
ther studies with STEM and EDX (below).

Some excised tissues of liver were studied with STEM
and EDX. We found that there were many globular ob-
jects in a phagosome, a vesicle with a homogeneous
density that was surrounded by a limiting membrane
(Figure 5a,b), located in a Kupffer cell in the hepatic
sinusoidal spaces. The magnified images and EDX
analysis of these globular objects (Figure 5¢,d) showed
the structures similar to those in Figure 2a—d, confirm-
ing that they were indeed the Gd,0;@SWNHag.

When the sizes of the Gd,0s particles were small
and their bright spots were not clearly discernible in
the ZC images, the presence of Gd was confirmed by

Figure 4. Optical microscopy images of mouse liver tissue.
The liver was removed 14 days after Gd,0;@SWNHag admin-
istration into the tail vein (dose: 10 mg/kg body weight).
Black particles are assumed to be Gd,0;@SWNHag.
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Figure 5. Ultrastructural localization of Gd,0;@SWNHag in mouse liver. (a) ZC image of mouse liver tissue. Kupffer cell (K)
in a sinusoid is indicated with a white broken line. (b) Magnified image of the orange-framed area in (a). (c—g) ZC images,
TEM images, EDX spectra, and Gd mapping of colored frames in (b) and (a). Gd,0;@SWNHag was intravenously injected into
amouse at a dose of 10 mg per kg body weight. The mouse was sacrificed after 14 days (H, hepatocytes; N, nucleus; D, perisi-
nusoidal space of Disse; En, endothelial cell; K, Kupffer cell).
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Figure 6. STEM observations of unidentified globular objects in mouse

that the Gd,0s escaped out of the SWNHag
and accumulated in these bright locations.
However, the EDX analyses of these areas
showed no inclusion of Gd (Figure 5f and
Figure 5g,B) (see also Supporting Informa-
tion, Figure 2e in SI.1).

Unidentified globular objects that
were similar in size to SWNHag were
sometimes found in liver tissues. They
were examined with TEM, STEM, and EDX;
however, the EDX did not detect any Gd,
and high-resolution images showed no
characteristic structures of SWNHag (Fig-
ure 6).

Several ultrastructural images of other
liver regions are shown in the Supporting
Information SI.1. We did not find any par-
ticles located outside of the Kupffer cells in
our STEM observations.

We found that the ultrastructural lo-
calization of SWNHag was unambiguous
among complex tissue structures with
the Gd,0; nanoparticle labels because
the Gd,0; are clearly localized by ZC ob-
servation and EDX measurements. We
suggest that the ultrastructural localiza-
tion of SWNHag previously presented by
Lacotte et al.*® could have been investi-
gated more confidently with the use of
Gd,0; labels.

Distribution of Gd,0;@SWNHag in Mouse Body.
The Gd,0;@SWNHag was quantified in
the liver and other organs. The quanti-
ties of Gd,0;@SWNHag were estimated
from the Gd quantities measured by ICP-
AES as shown in Figure 7. The largest
quantity of Gd,0;@SWNHag was found
in the liver, representing 70—80% of the
total injected quantity. The next largest
quantity was found in the spleen, repre-

liver. (a) ZC image of mouse liver tissue. (b) ZC image of the red-framed senting about 12% of the injected quan-

areain (a). (c,d) ZC images, TEM images, and EDX spectra of the blue- and
yellow-framed areas in (b). Gd,0;@SWNHag was intravenously injected

tity. About 1—2% was found in the stom-

into a mouse at a dose of 10 mg per kg body weight. The mouse was sac- ~ ach/intestine or the lungs, and none was
rificed after 14 days (H, hepatocytes; D, perisinusoidal space of Disse; K, detected in the brain, heart, kidneys, or

Kupffer cell).

EDX spectrum measurements and the SWNHag struc-
ture was confirmed by TEM (Figure 5e).

The ZC images showed that Gd,0;@SWNHag was
sometimes found in the cytoplasm, which appeared
very bright, as shown in the orange-framed zone of Fig-
ure 5a and in the magnified images in Figure 5g. At
present, we cannot be sure that this is the cytoplasm;
however, we suspect that it may be a phagolysosome.

The inner edges of the Kupffer cell nucleus (Figure
5b, red-frame area) and the interior of phagolysosome-
like cytoplasm (Figure 5a, orange-frame area) appeared
bright in ZC images; therefore, it might be suspected

www.acsnano.org

blood. These quantities did not change

substantially throughout the test period,
up to 7 days. This suggested that the
Gd,0;@SWNHag was taken up by reticuloendothe-
lial systems in the lungs, liver, and spleen within 30
min and remained stable for the 7 day period.

Although the Gd,0;@SWNHag quantities in the

organs did not change substantially for 7 days
(Figure 7), we did detect a slight decrease of
Gd,0;@SWNHag in the lungs and a slight increase
in the stomach/intestine (Figure 7b). The decrease
of Gd,0;@SWNHag in the lungs suggested that the
aggregates may have been exported from the lungs
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Figure 7. Biodistribution of Gd,0;@SWNHag in mice. Quantities
of Gd,0;@SWNHag are expressed in weight % against the total
injected quantity. (a) Quantities of Gd,0;@SWNHag in liver and
spleen. (b) Quantities in brain, lungs, heart, kidneys, stomach/in-
testine, and blood. Error bars indicate mean square standard de-
viations. “Total” in (a) is the sum of quantities in the examined or-
gans. Gd,0;@SWNHag was intravenously injected in mice (n =5
for each period group) at a dose of 20 mg per kg body weight.

to other organs. Alternatively, those taken up by
macrophages in the airways may have been excreted
via respiration.?

MATERIALS AND METHODS

Gd,0; Confinements in SWNH Aggregates. SWNHag was prepared
by CO; laser ablation of graphite without using metal catalysts.!
The purity was about 90%, and 10% included micrometer-sized
graphitic particles.>* The holes were opened in the walls of SWN-
Hag (ox-SWNHag) by oxidation with oxygen gas (760 Torr, 200
mL/min) at 500 °C for 10 min.?

The preparation of Gd-oxide-embedded SWNHag (Figure
1) was described elsewhere.' Briefly, Gd acetate (50 mg) and
ox-SWNHag (50 mg) were dispersed in ethanol (20 mL),
stirred at room temperature for 12 h, followed by filtration
and washing with ethanol. The ox-SWNHag and incorporated
Gd acetate was dried and heat treated at 1200 °C in Ar for
3 h. The heat treatment at 1200 °C in Ar removed the oxygen-
ated groups and closed the holes of ox-SWNHag. This caused
the Gd,0s to remain embedded in SWNHag. The product
weighed ca. 60 mg. We prepared the specimen until the heat
treatment step once more to secure enough amount for all

\\&) VOL.3 = NO.6 = MIYAWAKI ET AL.

The slight increase in the stomach/intestine might
indicate that Gd,0;@SWNHag was excreted via a respi-
ratory pathway, captured in sputum, and swallowed to
reach the stomach and intestine. An alternate explana-
tion could be that some of the Gd,0;@SWNHag in the
liver was exported to the stomach/intestine through
the gallbladder.

Our results indicate that Gd is a useful label, and
Gd,05-embedded SWNHag enabled the ultrastructural
localization and quantification of SWNHag. Gd or Gd
compounds have also been incorporated in a similar
graphene material, SWNT.3*%° We believe that the Gd
and Gd compounds will be similarly useful in ultrastruc-
tural observations and biodistribution determinations
of SWNTs. Clearly, other metals that are not naturally
found in living bodies and that have high electron scat-
tering properties may be comparable to Gd as labels,
given that they can be properly enclosed inside carbon
nanotubules.

CONCLUSION

The SWNH aggregates were labeled with embed-
ded Gd,0s nanoparticles. The Gd quantities in the inter-
nal organs of mice were measured with inductively
coupled plasma atomic emission spectroscopy to make
quantitative determinations of SWNH aggregate biodis-
tributions. The results showed that, after an intrave-
nous injection into the mouse tail vein, 70—80% of the
total quantity of Gd,0;@SWNHag accumulated in the
liver and about 10% in the spleen. Due to the high elec-
tron scattering property of Gd, the Gd,0; nanoparti-
cles were useful for the ultrastructural localization of
SWNH aggregates. Scanning transmission electron
microscopy and energy dispersive X-ray spectroscopy
revealed that Gd,0;@SWNHag existed primarily in the
phagosomes and sometimes in phagolysosome-like
vacuoles of Kupffer cells in mice.

characterization and in vitro/in vivo studies. To remove the
excess Gd,0; on the outer surfaces, Gd,0;@SWNHag (110 mg)
was sonicated for about 30 min in 35—37% aqueous HCl solution
(500 mL) followed by washing with water (500 mL). This process
was repeated three times. The final product was designated
Gd,0;@SWNHag.

The quantities of Gd,0; trapped in the Gd,0;@SWNHag
were estimated to be about 7% from thermogravimetric analy-
sis (TGA) (Supporting Information, SI.2) and 7.1% measured by
ICP-AES (ULTIMA 2, Horiba Co.). For the ICP-AES measurements,
the Gd,0;@SWNHag was combusted at 900 °C in air for 4 h, and
the resulting ash was dissolved in 5 mL of an aqueous solution
of HCl (35—37%, atomic absorption grade, Kanto Chemical Co.,
Inc.). Then, 4.5 mL of the solution was batched off and diluted
with 4.5 mL of ultrapure water. The Gd emission intensity in ICP-
AES was calibrated at 310.050 nm from a calibration curve con-
structed using Gd(NOs); solutions with concentrations of 0.01—5
ppm prepared by diluting standard Gd(NOs); nitrate solutions

www.acsnano.org



(1 mg of Gd in 1 mL of HNO; solution, Gd atomic absorption stan-
dard solution, Sigma-Aldrich) with ultrapure water.

The structure of Gd,0;@SWNHag was confirmed with STEM
(HD2300, Hitachi) at a 120 keV acceleration voltage and about
64 pA current. Mapping the elements of Gd and C was per-
formed with EDX (Genesis 4000, EDAX) equipped on the STEM.

Cytotoxicity Assay. The cytotoxicity of Gd,0;@SWNHag was
evaluated with a WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-
2H-5-tetrazolio]-1,3-benzene disulfonate) assay (Roche Diagnos-
tics) for a mouse fibroblast cell line, NIH 3T3, and a human cervi-
cal carcinoma cell line, HeLa. This colorimetric assay quantified
cell proliferation and cell viability based on the reduction of
WST-1 into formazan by the mitochondrial succinate-
tetrazolium-reductase system in living cells. The cells were
seeded in complete medium; for NIH 3T3 cells, the medium com-
prised D-MEM (11995, GIBCO), 10% bovine serum (16170-078,
GIBCO), 100 U/mL penicillin, and 100 pwg/mL streptomycin
(15070-063, GIBCO). For Hela cells, the medium comprised MEM
(M4655, SIGMA), 10% bovine serum (16170-078, GIBCO), 100
U/mL penicillin, and 100 pg/mL streptomycin (15070-063,
GIBCO). Aliquots (100 L) of cells suspended at a concentration
of 1 X 10° cell/mL for NIH 3T3 and 4 X 10* cell/mL for HeLa were
placed in each well of 96-well microplates and were incubated
at 37 °C in humidified air with 5% CO, for 24 h. After removal of
the culture medium from the 96-well microplates, 100 pL of the
Gd,0;@SWNHag (0, 10, 20, and 40 mg/mL) dispersed in medium
was added to each well, followed by incubation at 37 °C in 5%
CO, for 48 h. After the 48 h incubation, 10 pL of the WST-1 was
added to the wells. After incubation for 3 h (3T3) or 1 h (HeLa),
the cell viabilities were monitored by measuring light absor-
bance at 450 nm with a microplate reader (Model 680 micro-
plate reader, Bio-Rad). The base absorbance was taken at 620
nm.

Histological and Ultrastructural Analyses of Liver Tissues. Female, 6
week old mice (BALB/cAnNCrICrlj) were purchased from Charles
River Laboratories, Japan, and housed for another 2 weeks at the
Cancer Research Institute or Fujita Health University in accor-
dance with the regulations of the committees on the Use and
Care of Animals. Animals were fed ad libitum with y-irradiated ro-
dent diet CE2 (CLEA Japan Inc.).

We injected ca. 0.2 mL of a glucose dispersion of
Gd,0;@SWNHag (1 mg of Gd,0;@SWNHag in 1 mL of aqueous
5% glucose solution) into 8 week old mice through the tail vein
(dose: 10 mg of Gd,0;@SWNHag per 1 kg of body weight, num-
ber of mice n = 1). The Gd,0;@SWNHag was highly dispersed
in 5% glucose solution (Supporting Information, SI.3). Mice were
sacrificed 14 days after the intravenous injection of
Gd,0;@SWNHag. The livers were removed, fixed in 10% neutral
buffered formalin for >24 h, embedded in paraffin, and cut into
4 um sections. Eosin-stained sections were analyzed by optical
microscopy.

Some excised tissues of liver were fixed by immersion in 2%
glutaraldehyde in 0.1 M phosphate buffer overnight at 4 °C then
in osmium tetraoxide solution (1, 70, and 100% each for 30 min),
propylene oxide (1 h, twice), and Epon embedding solution (3
days, 60 °C). The Epon-embedded blocks were sliced (LKB U5
Ultramicrotome) at 80—100 nm thick followed by staining with
uranyl acetate for 10 min and Reynolds lead for 3 min. The sec-
tions were analyzed by STEM, and the mapping of Gd and C ele-
ments was performed with EDX.

Distribution of Gd,0;@SWNHag in the Mouse Body. Another group of
the same species of mice was similarly treated with a higher dose
of Gd,0;@SWNHag (dose: 20 mg of Gd,0;@SWNHag per 1 kg
of body weight). As a control, one group of mice was injected in-
travenously with ca. 0.2 mL of the 5% aqueous glucose solu-
tion. The mice were sacrificed at 0.5 h, 3 h, 24 h, or 1 week (n =
5 for each group) after the Gd,0;@SWNHag injection. We re-
moved the brain, heart, lungs, liver, spleen, kidneys, and stom-
ach/intestine. Before the dissection, about 1 mL of blood was col-
lected and preserved with an anticoagulant of heparin. The
specimens were dried at about 120 °C in air, followed by com-
bustion at 900 °C in air for 4 h. The Gd quantity in the ash was
measured with ICP-AES, as described above.

www.acsnano.org
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